Phosphorus (P) plays a fundamental role in the physiology and biochemistry of all living things. Recent evidence indicates that organisms in the oceans can break down and use P forms in different oxidation states (e.g., ؉5, ؉3, ؉1, and ؊3); however, information is lacking for organisms from soil and sediment. The Cuatro Ciénegas Basin (CCB), Mexico, is an oligotrophic ecosystem with acute P limitation, providing a great opportunity to assess the various strategies that bacteria from soil and sediment use to obtain P. We measured the activities in sediment and soil of different exoenzymes involved in P recycling and evaluated 1,163 bacterial isolates (mainly Bacillus spp.) for their ability to use six different P substrates. DNA turned out to be a preferred substrate, comparable to a more bioavailable P source, potassium phosphate. Phosphodiesterase activity, required for DNA degradation, was observed consistently in the sampled-soil and sediment communities. A capability to use phosphite (PO 3 3؊ ) and calcium phosphate was observed mainly in sediment isolates. Phosphonates were used at a lower frequency by both soil and sediment isolates, and phosphonatase activity was detected only in soil communities. Our results revealed that soil and sediment bacteria are able to break down and use P forms in different oxidation states and contribute to ecosystem P cycling. Different strategies for P utilization were distributed between and within the different taxonomic lineages analyzed, suggesting a dynamic movement of P utilization traits among bacteria in microbial communities.
P
hosphorus (P) is an essential element for the synthesis of many biomolecules, including DNA, RNA, and ATP (1), with no substitute as a building block of life. P is also frequently limiting for a variety of biota, including vascular plants, marine and freshwater phytoplankton, aquatic and terrestrial bacteria, and herbivorous animals (2); thus, understanding how P limitation shapes ecological and evolutionary dynamics is a key step in linking levels of biological organization from genes to ecosystems.
Organisms not only assimilate P in the form of phosphate for their cellular requirements (3) but can also break down and use P forms in different oxidation states (4) . Indeed, Van Mooy et al. (5) showed that oceanic P is recycled through a previously unexplored pool of reduced forms of P. This suggests that the P cycle is more complicated than previously thought, in that several P redox states are involved at the global scale; if corroborated, this will change our understanding of global P cycling and ecosystem P limitation, as well as interspecific competition for P. While there is evidence of the importance of reduced P compounds in marine P biogeochemistry (3) (4) (5) , the importance of reduced P compounds in terrestrial and inland water ecosystems is not well understood, reflecting a lack of information about the presence, abundance, and utilization of reduced P compounds in these ecosystems.
It is well-known that in soils, lakes, and oceans, microorganisms are primarily responsible for P recycling, manipulating the pool of available P through a variety of P transformation processes (e.g., P solubilization, organic matter depolymerization, P mineralization, and P assimilation) (6, 7) . P forms in ecosystems include mineral P (e.g., in rocks, soil, and sediment), dissolved and particulate organic P, and dissolved inorganic phosphate (PO 4 3Ϫ , here P i ) (8) . P i is the main P source for microorganisms and plants, but its availability in soil, sediment, and water is very low due to its high reactivity with calcium, iron, and aluminum (9) . Since primary productivity and growth rates in ecosystems are highly P dependent (10) , microbes have evolved numerous mechanisms for uptake and storage of P i in response to nutrient scarcity (11, 12) .
Phosphorus can exist in a range of oxidation states (e.g., ϩ5, ϩ3, ϩ1, and Ϫ3) (4, 13) . This spectrum of valence states supports a cascade of microbial oxidation-reduction reactions that may have important bioenergetic and ecological consequences analogous to those of the microbial C, N, and S cycles (4) . In its most oxidized state (valence ϩ5), P is found as phosphate esters (a mixture of HPO 4 2Ϫ and H 2 PO 4 Ϫ ) in many biomolecules, including nucleic acids (DNA and RNA), phospholipids, and phosphoproteins (14) . Most phosphate esters are transformed or metabolized by microbes that produce extracellular enzymes (exoenzymes, often called phosphatases in a general form) that cleave organic molecules to liberate P i for assimilation, as well as C and N in some cases (15) . For example, in marine environments, dissolved DNA concentrations can range from 0.2 to 0.88 g/liter, constituting a significant portion of the organic phosphorus pool (16) . Additionally, in marine bacteria, dissolved DNA has been found to sustain 8 to 50% of the bacterial N demand (17) .
Among the different classes of phosphatase enzymes, the most frequently studied are phosphomonoesterases (PM, often called acid or alkaline phosphatases, depending on their pH optima), enzymes that mineralize P from inositol phosphates, nucleotides, phosphoproteins, and sugar phosphates (18) . However, phosphodiesterases (PD) that mineralize P from nucleic acids, phospholipids, and other diester phosphates (19) are also relevant for microbial P requirements. Among these, phosphate diesters are the main input of organic P (P O ) to soils but typically constitute only a small fraction of total soil P O (20) .
In a more-reduced state (valence ϩ3), P is also found as phosphite (PO 3 3Ϫ [Phi]) and organophosphonates. The organophosphonates are a class of organophosphorus molecules of both biogenic and xenobiotic origin that contain at least one stable carbon-phosphorus (C-P) covalent bond (21) . In organophosphonates, this carbon-phosphorus bond replaces one of the four carbon-oxygen-phosphorus bonds of the more common phosphate ester (22) . Phosphonates are found largely in unicellular life forms, such as bacteria, archaea, and fungi, occurring either as free molecules or, more usually, in peptide, glycan, or lipid conjugates, such as the 2-aminoethylphosphonic acid (ciliatine) and 2-amino-3-phosphonopropionic acid (phosphonoalanine) components of membrane phosphonolipids (23) .
Four different phosphonate-degradative pathways have been reported for various bacterial species: the phosphonopyruvate hydrolase, phosphonoacetate hydrolase, phosphonoacetaldehyde hydrolase (phosphonatase), and the carbon-phosphorus lyase (C-P lyase) pathways (13, 24, 25) . Homologous genes for phosphonate degradation pathways are distributed in distantly related bacteria, thus providing strong evidence for lateral gene transfer during evolution (1) . Additionally, recent genomics studies have shown that soil and sediment bacteria have a large variety of mechanisms for the transformation, acquisition, and storage of phosphorus when it is both in oxidized and reduced forms (11) . These suggest the existence of a terrestrial P redox cycle that might be analogous to the oceanic phosphorus redox cycle described by Van Mooy et al. (5) . However, to better understand the global redox phosphorus cycle, it is necessary to identify the environmental controls on C-O-P and C-P compound cycling, the microorganisms involved, and the bioenergetics of the P oxidation and reduction pathways, as suggested by Karl (4) , in aquatic and terrestrial energy-limited environments.
Physiological adaptations have been observed in bacteria that have to contend with environments limited in phosphorus. For instance, Bacillus coahuilensis, isolated from the Churince Pond in Cuatro Ciénegas, Coahuila, Mexico, was shown to have unique features compared to most well-studied Bacillus spp., such as having a small genome, lacking teichoic acid (a P-rich cell wall component), and having the capability to synthesize membrane sulfolipids in addition to phospholipids (26) .
Here, we report a vast group of bacterial isolates from soil and sediment of a halophile ultraoligotrophic ecosystem which are able to obtain phosphorus from substrates with different oxidation states. We expected that evolution in a P-limited environment would have selected for traits that would allow bacteria to use diverse organic P substrates (C-O-P and C-P) through secretion of exoenzymes for P acquisition. Therefore, the objective of our study was to assess the capabilities of strains to use different P substrates and determine the phylogenetic distribution of these traits. We also wanted to measure the activities of the different exoenzymes in soil and sediment to evaluate the relevance of the different P substrates for microbial communities and their correlation with the presence of specific P utilization traits. We believe that understanding the strategies that microorganisms use to access P in different substrates will help both to understand how P is transformed by bacteria in microbial communities and to aid in elucidating the importance of reduced phosphorus compounds in the terrestrial components of the global phosphorus redox cycle.
MATERIALS AND METHODS
Study site and sampling. This study was carried out in halophile grassland soil and aquatic sediments in the Cuatro Ciénegas Basin (CCB) in the central region of the Chihuahuan Desert in Coahuila, Mexico. The climate is hot and arid, with temperatures as high as 45°C in July and down to below 0°C in January (27) . The mean annual precipitation is 253 mm. On the western side of the basin, Jurassic-era gypsum is the dominant parent material, while on the eastern side, Jurassic-era limestone dominates (28, 29) . In both parts of the basin, the grass Sporobolus airoides (Torr.) is the dominant plant species (30) .
Three study sites (one for grassland soil sampling and two for sediment sampling) were located within the Churince (CH) drainage on the western side of the CCB. Additionally, one site (for grassland soil sampling) was located within the natural reserve Pozas Azules (PA) on the eastern side of the CCB. At each soil sampling site, a 100-by 50-m plot was demarcated. In total, 10 composite samples were taken at each plot. For sediment sampling, samples were taken from the edge of one of the larger lagoons and from one small fertilized pool (for a more detailed description of the fertilization processes, see reference 31). The distance between each sediment sampling site was approximately 30 m. Soil (10 samples per site) and sediment (five samples from Churince sediment and one sample from Churince fertilized sediment) samples were stored in black plastic bags and refrigerated at 4°C for biogeochemical laboratory analyses; an aliquot of each sample was stored in a Falcon tube and immediately processed for microbial plating (see below).
Biogeochemical analyses. To allow nutrient concentrations and enzymatic activities to be corrected for soil sample moisture content, a 100-g subsample was oven dried at 75°C to constant weight for soil moisture determination using the gravimetric method.
Dissolved nutrients. Dissolved and microbial nutrient forms were extracted from moist soil samples with deionized water after shaking for 45 min and then were filtered through a Millipore 0.42-m-pore-size filter (32) . A blank with deionized water was processed in a manner similar to that of the samples to correct the values in case any contamination was present during the procedure. Prior to acid digestion, one aliquot of the filtrate was used to determine the P i in the deionized-water extract. Total dissolved P (TDP) was determined by acid digestion, followed by colorimetry using a Bran-Luebbe AutoAnalyzer III (Norderstedt, Germany [33] ). Total dissolved carbon (TDC) was measured with an autoanalyzer carbon module for liquids (TOC module CM5012; UIC-Coulometrics, Joliet, IL, USA). Dissolved inorganic carbon (DIC) was determined in an acidification module (CM5130). DOC and dissolved organic phosphorus (DOP) were calculated as the difference between total dissolved forms and inorganic dissolved forms (34) .
Nutrients within microbial biomass. C, N, and P within microbial biomass (C mic , N mic , and P mic , respectively) concentrations were determined by the chloroform fumigation-extraction method (34) (35) (36) . Fumigated and nonfumigated samples were incubated for 24 h at 25°C and under constant moisture. C mic was extracted from fumigated and nonfumigated samples with 0.5 M K 2 SO 4 and filtered through Whatman no. 42 paper (36). C concentration was measured from each extract as total carbon (TC) and inorganic carbon (IC) by the method described before. The organic C concentration was the difference between TC and IC, and the organic C was used for the C mic calculations. C mic was calculated by subtracting the extracted organic carbon in nonfumigated samples from that of fumigated samples and dividing it by a conversion factor, k EC (extractable part of microbial biomass C), of 0.45 (37) . N mic was extracted using the same procedure used for C mic , but the extract was filtered through Whatman no. 1 paper. The filtrate was acid digested and quantified as TN using the macro-Kjeldahl method (38) . N mic was calculated similarly as C mic but divided by a k EN factor (extractable part of microbial biomass N after fumigation) of 0.54 (39) . P mic was extracted using 0.5 M NaCO 3 at pH 8.5. After this, the fumigation-extraction technique involving chloroform and an acid digestion was performed (40, 41) . P mic was calculated as for C mic and N mic but divided by a k P factor (extractable part of microbial biomass P after fumigation) of 0.4 (36, 42) . P mic was determined colorimetrically by the molybdate-ascorbic acid method (35) using a spectrophotometer (Evolution 201; Thermo Scientific, Inc.). Finally, the values of C mic , N mic , and P mic were corrected to dry-soil basis.
Exoenzyme activity analyses. The activities of three exoenzymes were measured with assay techniques previously reported (43) (44) (45) (46) . The potential activities of phosphomonoesterase (PM) and phosphodiesterase (PD) were quantified colorimetrically using -nitrophenol (NP) substrates, while phosphonatase (PN) activity was determined using (2-aminoethyl)phosphonic acid (2-AEP) as the substrate, and the P i liberated over time was quantified colorimetrically by the molybdate-ascorbic acid method (35) ( Table 1) . For all enzymes, we used 2 g of fresh soil and fresh sediment and 30 ml of modified universal buffer (MUB) (pH 9) for exoenzyme extraction. Three replicates and one control (sample without substrate) per sample were prepared. Additionally, three substrate controls (substrate without sample) were included per assay; all were incubated at 30°C. We centrifuged the tubes after the incubation period, and then 750 l of supernatant was diluted in 2 ml of deionized water. For enzymes with substrates linked to NP, we measured the absorbance of NP at 410 nm on an Evolution 201 spectrophotometer (Thermo Scientific, Inc.). Finally, exoenzyme activity was expressed in nanomoles of NP formed per gram of soil (dry weight) per hour (nmol NP [g SDW]
Ϫ1
h Ϫ1 ) (47) . For PN, we measured the absorbance of P i at 882 nm after ascorbic acid reduction. Finally, PN activity was expressed as parts per million of P i released per hour (ppm P i h Ϫ1 ). All enzymatic assays were done at 30°C.
Isolation of microorganisms. The isolates in the collection were obtained using an inoculum of sediment and soil for each sample from each of the two main sampling sites (the Churince hydrological system and Pozas Azules). Fresh samples were added to an Eppendorf tube with 800 l of modified universal buffer (MUB) to achieve a ratio of 1/3 (wt/vol); the resulting suspension was mixed continuously for 60 min. The resultant suspension was used as an inoculum for plating onto petri dishes with modified marine agar medium, a complex medium that includes peptone, yeast extract, and dibasic sodium phosphate (48) , and incubated at 37°C for 2 days. Colonies with different morphotypes (i.e., size, shape, and color) were selected. Purification was performed by subculturing on the same medium to ensure that the culture was axenic; all isolates were stored at Ϫ80°C in marine medium with 15% (wt/vol) glycerol.
Evaluation of isolates for growth in different phosphorus sources. A total of 1,163 isolates were obtained (250 from CH soil, 250 from PA soil, 141 from intermediate lagoon sediment of CH, and 512 from the fertilized small-pond sediment of CH). All were isolated and routinely grown on rich medium (marine agar medium). To evaluate preference for different P substrates, we used a defined medium (DM) (49) either with no phosphorus added (DM) or containing different P sources. The base medium (DM) contained (per liter): Tris base, 6.057 g adjusted to pH 8.0; NH 4 NO 3 , 0.26 g; MgSO 4 , 0.48 g; disodium citrate, 1.99 g; ZnCl 2 , 0.000136 g; NaCl, 5 g; FeCl 3 , 0.27 g; KCl, 0.1 g; MnCl 2 , 0.2 g; CaCl, 0.4 g; glucose, 9 g; and amino acid mixture, 0.93 g. Heat-labile substrates (vitamin B complex, biotin, and nicotinic acid) were filter sterilized and added aseptically after autoclaving. Isolates were evaluated for growth in the following six phosphorus sources at a concentration of 1 mM added to the base DM medium: (i) potassium phosphate, (ii) calcium phosphate, (iii) phosphite, (iv) (2-aminoethyl)phosphonic acid, (v) 2-phosphonoacetaldehyde, and (vi) DNA; there was also (vii) a control without P (PFree) ( Table 1) .
Isolates were grown initially at 37°C for 72 h in DM lacking any P to ensure the depletion of P storage. After that, each isolate was transferred to DM with each one of the six different P sources, along with a control plate lacking P. These were then incubated at 37°C for 72 h. For each isolate that grew on a given P source, we further tested its ability to use that same P source. Only 528 isolates exhibited an ability to grow on DM medium after the 2nd transfer and were selected and used for DNA extraction and 16S rRNA identification. DNA extraction and 16S rRNA gene amplification by PCR. Total genomic DNA was extracted from isolates using the phenol-chloroform method (50) . The 16S rRNA genes were amplified from the DNA templates by PCR with the universal primers 16S 27F (5=-AGA GTT TGA TCM TGG CTC AG-3=) and 1492R (5=-TAC GGY TAC CTT GTT ACG ACT T-3=) obtained from Sigma (St. Louis, MO, USA). PCRs were run in a thermocycler (Palm-Cycler; Corbett Research) using 30 cycles of 94°C, 55°C, and 70°C. PCR products were sequenced by the Sanger methodology (51) at Cinvestav-Langebio (Irapuato, Mexico). The 16S rRNA sequences were verified with Phred (52), and sequences of at least 500 bp were used for the analysis. Phylogenetic reconstruction was carried out with 528 sequences using the maximum-likelihood method in PhyML (53) . The DNA sequences were retrieved from the data set, classified using the Ribosomal Database Project (RDP) Classifier tool (54) , and then clustered as operational taxonomic units (OTU) using mothur (55) . The tree was edited on the ITOL platform (56) .
We analyzed the sequences with AdaptML (57) to define ecologically differentiated populations; the sequences were assigned to the Churince soil, Pozas Azules soil, sediment, and fertilized sediment habitats to identify populations as groups of related strains sharing a common projected habitat.
Statistical analyses. To compare the abilities of various isolates to grow on the different P sources, a logistic regression model (LRM) with two factors (site and P source) was performed using a generalized linear model in STATISTICA (58) . This model is suitable for analyzing data with a binomial distribution (59) . Spearman correlations were used to explore relationships among isolates' growth on the different P substrates.
Nucleotide sequence accession numbers. Sequences from this study for strains from Churince and Pozas Azules soil samples have been deposited in GenBank under the accession numbers KP296259 to KP296570; sequences for strains from Churince sediment have been deposited in
RESULTS
Nutrient and exoenzyme distributions across sites. To understand the different bacterial strategies for P utilization in the microbial communities from Cuatro Ciénegas ultraoligotrophic ecosystems, we first assessed free and microbe-associated nutrients in soil and sediment, as well as enzymatic activities in the different sampling sites. Our results showed that the sediment samples were characterized by noticeably higher concentrations of dissolved organic carbon (DOC), dissolved organic nitrogen (DON), and dissolved organic phosphorus (DOP) than the soil samples ( Table 2 ). The microbial nitrogen (N mic ) content was also higher in the sediment samples than in the soil samples. Additionally, C mic /P mic and N mic /P mic ratios were higher in sediment samples than in the soil samples. However, soil samples had higher microbial P (P mic ) concentrations, DOC/DON and DOC/DOP ratios, and C mic /N mic ratios (Table 2 ) than the soil samples.
We next evaluated patterns of enzymatic expression of different exoenzymes known to be involved in phosphorus scavenging. Table 3 shows that there are strong differences in the amounts and types of exoenzyme activities in the different microbial communities in the study sites. Phosphodiesterase (PD) activity was higher in soil than in sediment samples, whereas the opposite was true for phosphomonoesterases (PM), which were highly active in sediment. Notably, while phosphonatase (PN) activity was detected in soil samples, it was not detectable in sediment samples ( Table 3 ). Notice that a single biochemical condition was used to measure the collective enzymatic activity from either soil or sediment. Since the different enzymes could have differences in the optimal conditions for their assay, possibly correlated with environmental differences at each site, what was measured was the potential enzyme activity.
Evaluation of isolates' ability to grow on different P sources. Figure 1 shows the distribution of P-scavenging capabilities among 1,163 isolates from all sampled sites. Unexpectedly, only 80% of the isolates from sediments (both the shallow lagoon and the fertilized small pond) and 60% of the isolates from soil (Churince and Pozas Azules) were capable of growing with potassium phosphate as a sole source of P (Fig. 1 ). Differences were observed between the four sites when calcium phosphate was used as a sole source of phosphorus. The highest proportion of growth on calcium phosphate was observed for isolates from CH sediment, followed by isolates from soil (CH and PA), and finally by isolates from the P-fertilized sediment sample (Fig. 1) . Remarkably, 50% of the isolates from CH sediment were capable of growing with phosphite as a sole P source. However, Ͻ20% of the isolates from the P-fertilized sediment and Ͻ10% of the isolates from soil (CH and PA) were capable of growing with this P source (Fig. 1) .
Less than 10% of the isolates from the four sites had the capacity to grow with 2-phosphonoacetaldehyde (2-PA) phosphonate as the sole P source, but ϳ20% of the isolates could grow using the P from 2-AEP, the most abundant biogenic phosphonate (13) (Fig. 1) .
Ninety percent of the isolates from CH soil, PA soil, and CH sediment were able to grow with DNA as the P source. However, this capacity was less frequently observed (only 30%) among the isolates from the P-fertilized pond sediments (Fig. 1) .
All three factors of the study (site [either soil or sediment], P substrate, and the correlation of site and P substrate) were analyzed to determine how these were associated with the occurrence of different P utilization traits. All three were highly significant (P Ͻ 0.0001), indicating a strong dependence of P utilization patterns on sample site (sediments versus soil). The strongest Spearman correlation observed was for potassium phosphate and calcium phosphate for soil (0.698 for Churince and 0.523 for Pozas Azules; see Tables S2 and S3 in the supplemental material). For Churince soil, a correlation was found between phosphite and 2-PA (0.402; Table S2 ) and, in Pozas Azules soil, for DNA and potassium phosphate (0.398; Table S3 ). Meanwhile, the strongest correlation observed for Churince sediment was between phosphite and 2-AEP (0.447; see Table S4 in the supplemental material) and, for P-fertilized sediment, between DNA and calcium phosphate (0.326; see Table S5 in the supplemental material).
Phylogenetic analysis of bacteria, based on 16S rRNA gene, across all sites and samples. A total of 528 sequences were analyzed using mothur, yielding 210 operational taxonomic units (OTU) grouped at 99% similarity (121 at 98% and 97 at 97%). The OTU were distributed as follows: 32 OTU from the Churince sediment, 61 OTU from the P-fertilized sediment, 68 OTU from the Churince soil, and 74 OTU from the Pozas Azules soil. The dominant OTU were classified as Firmicutes (approximately 85% were Bacillus and Staphylococcus), followed by Proteobacteria (Aeromonas and Paracoccus) and Actinobacteria. Some bacterial groups were recovered only from some sites, but most groups were recovered at least at low levels from both soil and sediment.
Notably, the distribution of P utilization traits was not associated with particular taxonomic groups (Fig. 2) . That is, all clades had members that could use potassium phosphate, calcium phosphate, and/or DNA. There were, however, some clades that lacked members that could grow on phosphite, 2-PA, or 2-AEP. Under close analysis of the genetically cohesive group Bacillus cereus, which was highly represented both in soil and sediment, the number and diversity of traits related to P utilization were higher for members isolated from sediment than from members isolated from soil (Table 4 ). In general, isolates from sediment had, on average, the capacity to use up to 4 different P substrates, while soil isolates could use only 3. Remarkably, despite the high genetic similarity of the B. cereus group members, the ability to use phosphite seemed to be a trait selected for in isolates from sediment (71.8% of isolates from sediment versus 12% of isolates from soil).
AdaptML analysis was used to discover ecotypes and determine their preferences for habitats (in this case, soil and sediment,
FIG 1
Differences in the frequency of utilization of P sources among soil and sediment isolates. The y axis reports the proportion of isolates able to grow under each of the six different phosphorus sources. PP, potassium phosphate; CP, calcium phosphate; Phi, phosphite; 2-PA, 2-phosphonoacetaldehyde; 2-AEP, (2-aminoethyl)phosphonic acid. Isolates tested were recovered from Churince soil (CH), Pozas Azules soil (PA), Churince sediment (S), or fertilized sediment (FS). Since some isolates can grow under more than one P source, the proportion does not add to 1. All three factors were highly significant (P Ͻ 0.0001).
and the different P substrates). Two distinct habitats were uncovered: habitat 1, containing sequences obtained predominantly from soil and fertilized sediment and present in both the basal and the most recent phylogenetic branches; and habitat 2, mostly containing sequences obtained from sediment (Fig. 4) . This result suggests that bacteria have different niche adaptations that influence patterns of genotypic differentiation (Fig. 3 and 4) . Clearly, soil and sediment act as a filter for different taxonomic groups.
DISCUSSION
Soil and sediment bacteria transform P into different oxidized and reduced forms, just as bacterial communities do in the oceans. Overall, we found that soil and sediment bacterial communities of CCB have a variety of strategies for P scavenging, and they can also use a variety of both oxidized and reduced phosphorus species. Strategies include mineralization of ester phosphates and phosphonates, biosynthesis of different exoenzymes, as well as inorganic P solubilization and phosphite oxidation. Our results indicate that although individual isolates can utilize up to four different P substrates, these capabilities are scattered within and FIG 2 Distribution of phosphorus utilization capabilities among isolates of different taxonomic groups from soil and sediment communities. Phylogeny based on the 16S rRNA gene. The site of isolation is shown in the innermost circle, labeled 1 with the following colors: blue, Pozas Azules soil; red, Churince soil; dark green, Churince sediment; and light green, Churince fertilized sediment. The outer circles indicate the isolates' ability to grow with a given P source (represented in dark gray); light gray indicates lack of growth of the isolate. The circle numbers refer to P source evaluated: 2, potassium phosphate; 3, calcium phosphate; 4, phosphite; 5, 2-phosphonoacetaldehyde; 6, (2-aminoethyl)phosphonic acid; 7, DNA; and 8, P free. across different taxonomic groups, with diversity in the strategies used between individual isolates. Only 11 of the 1,160 tested isolates were capable of using every substrate evaluated. Exoenzyme expression was expected to reflect the quality of available organic matter. Our results (Table 3) showed that sediments exhibited the largest phosphomonoesterase activity (often referred to as alkaline phosphatase), suggesting that monoesters (inositol phosphates, sugar phosphates, phosphoproteins, etc.) could be a preferred scavenging option in sediment. In soil sites, in contrast, phosphodiesterase activity seems to be more abundant, suggesting a preference of soil microorganisms for diesters (such as nucleic acids and phospholipids). It is in soils where there is the least amount of DOP (Table 2) , so it was expected that all enzymes would be expressed at higher levels in soils than in sediments; that seemed to be the case for phosphonatases and phosphodiesterases (in Pozas Azules). It is noticeable that in Pozas Azules, soil phosphodiesterases played a prominent role. This is in agreement with the number of isolates from this site that exhibited a preference to grow on DNA as a sole source of P (Fig. 1) . On the other hand, phosphonatase was detected only in soil. Since isolates from all sites exhibited similar capabilities to use phosphonates, we suggest that in sediments, there were other alternatives for P utilization, Fig. 2 . Phylogeny is based on the 16S rRNA gene. The site of isolation is shown in the innermost circle, labeled 1 and indicated by the following colors: blue, Pozas Azules soil; red, Churince soil; dark green, Churince sediment; and light green, Churince fertilized sediment. The outer circles indicate the isolates' ability to grow with a given P source (represented in dark gray); light gray indicates lack of growth of the isolate. The circle numbers refer to P source evaluated: 2, potassium phosphate; 3, calcium phosphate; 4, phosphite; 5, 2-phosphonoacetaldehyde; 6, (2-aminoethyl)phosphonic acid; 7, DNA; 8, P free. and phosphonatases were not being expressed. In fact, it is in sediments that dissolved C, N, and P occurred at a higher concentration (see reference 47 for a detailed analysis of the correlation between nutrients and enzymes in soil and sediments). Phosphorus concentration is known to regulate the expression of numerous genes involved in P uptake and utilization; however, not all P-scavenging enzymes are regulated by P availability. A recent paper from our group showed that in B. coahuilensis alkaline phosphatase activity was regulated by P concentration in one strain, but in another strain, expression was constitutive (60) .
Among the P substrates tested in our experiment, potassium phosphate and DNA were the substrates on which the highest percentage of isolates grew ( Fig. 1 and 2 ). The fact that DNA was the preferred P source for isolates from soil and unamended sediment, but not for the isolates from P i -fertilized sediment, suggests that the addition of P i enriched for bacteria that are capable of profiting from this easily metabolized and rarely available P substrate. This inference is consistent with differences in the bacterial community composition, as in fertilized sediment, we recovered Actinobacteria and Proteobacteria at high frequencies, while we typically obtained an overrepresentation of Firmicutes (Bacillus) from both soil and sediments.
In ultraoligotrophic environments, DNA released, either by cannibalistic behavior (61), natural cell death, or phages, represents a P-rich resource (62) . However, bacterial P acquisition from DNA requires the biosynthesis of phosphodiesterase enzymes. The ability of the microbial community to synthesize phosphodiesterase was documented in all four sites we sampled in CCB (Table 2) . DNA is also an N-rich resource (63); thus, microbial investment in DNA mineralization allows the acquisition of both P and N. Our results suggest that this mechanism for P acquisition might be an important way by which microorganisms acquire and recycle P. Although N is also often limiting for growth in this ultraoligotrophic system (46) , it has been documented that DNA is not utilized as a source of nitrogen (63) .
In contrast to the ubiquity of phosphodiesterases in isolates able to use DNA, only a low percentage of isolates was able to grow in media with phosphonate substrates (2-PA and 2-AEP). However, we did identify isolates with the ability to grow either in 2-PA or 2-AEP in almost all genotypic clusters (Fig. 2) . For microorganisms from severely P-limited ecosystems, like CCB, it is an advantage to be able to obtain P from even somewhat unusual forms, such as phosphonates.
Phosphonate degradation has been reported to occur via the phosphonatase pathway in marine bacteria (64) , as well as in soil bacteria (65) . This pathway is present in diverse bacteria, including representatives of Proteobacteria, Planctomycetes, Cyanobacteria (65) , and Firmicutes (11). We observed phosphonatase activity in soil, but we could not detect this activity in sediments. These results are consistent with the idea that microbial degradation of phosphonates is especially favored under conditions of phosphate limitation, as we also observed lower DOP concentrations in soil than in sediments (Table 3 ). This implies, of course, that phosphonate is available in soil. In general, when P utilization preference is examined, the absolute concentration of a given substrate is meaningful only in relation to the most readily metabolized form, usually phosphate. If phosphate is available, enzymes to obtain alternative P sources are usually not expressed. Regarding phosphonate utilization, three other phosphonatedegradative pathways have been reported in various bacterial species that rely on different key enzymes: phosphonopyruvate hydrolase, phosphonoacetate hydrolase, and carbon-phosphorus lyase (C-P lyase) (13) . The first two pathways are highly substrate dependent, while C-P lyase is not substrate dependent. Our results suggest that the microbial degradation pathway for phosphonates plays out differently in soil (via phosphonatase [Phn] ) and sediment (via C-P lyase). These results suggest that different bacteria found in the soil and sediment of CCB can grow under conditions in which the only source of P is 2-PA or 2-AEP.
We also identified isolates that could grow using phosphite as a sole P source. Phosphite (H 2 PO 3 Ϫ [Phi]) is a reduced form of inorganic phosphate (HPO 4 2Ϫ [P i ]), where Phi has a substitution of oxygen by hydrogen; as a result, the two compounds behave quite differently in living organisms (66) . Phi cannot enter into the same metabolic pathways as P i , because most enzymes involved in phosphoryl transfer reactions discriminate between Phi and P i (67) . The oxidation of Phi to P i in soil is largely due to soil microbial activity (68) by microbes that use Phi for the production of energy and P i (13) . Phosphite and phosphonates have the same valence (ϩ3) (versus ϩ5 for P i [13] ), and the same gene cluster that is required to degrade phosphonates, phn, is also required to oxidize phosphite to phosphate (69) . This suggests that there should be close associations between the bacterial taxa that can metabolize Phi and phosphonates. Indeed, our Spearman rank correlation results indicated a significant correlation between Phi and 2-PA and between Phi and 2-AEP (see Tables S2 and S3 in the supplemental material) for CH soil and PA soil, while in sediments, we observed a strong correlation only between Phi and 2-AEP (see Tables S4 and S5 in the supplemental material). Our results support the idea that there is a connection between the use of phosphonates and phosphite, possibly explained by the relationship between the genes involved in phosphonate degradation and phosphite oxidation, as suggested in previous studies (65, 68, 69) . However, a diversity of pathways is suggested from this study, as not all strains able to use Phi could use phosphonate; the sources of the Phi are enigmatic. It is suggested that both Phi and phosphonate are produced as antibiotics (4), but there is still work to do to understand how these are produced and why these substrates that are costly to process are preferred by some organisms.
Our description of the different strategies of P acquisition in bacterial isolates from an oligotrophic environment, particularly one limited in P i , may help in understanding the functioning of microbial communities in P i -limited environments. The dispersion of traits related to P acquisition within and across taxonomic groups is suggestive of niche-partitioning strategies that also explain how genetic diversity is maintained. Lateral transfer of genes involved in substrate acquisition has been widely described for carbon utilization, including genes that encode enzymatic activities to scavenge for carbon sources and transporters (70) .
It has been suggested that phosphate transporter genes, phosphonate utilization genes, and alkaline phosphatase-coding genes have been transferred between bacterial lineages (71) (72) (73) (74) . It is thus possible that lateral gene transfer during bacterial evolution in this ultraoligotrophic terrestrial environment has played an important role in allowing bacteria to sample and retain diverse genes for P acquisition, resulting in a complex redox cycle for P analogous to that shown for the oceans.
